Photosystem I From Higher Plants Enhances Electrode Performance by Gunther, Darlene










Submitted	  to	  the	  Faculty	  of	  the	  
Graduate	  School	  of	  Vanderbilt	  University	  
in	  partial	  fulfillment	  of	  the	  requirements	  
for	  the	  degree	  of	  
Master	  of	  Science	  
in	  







Professor	  G.	  Kane	  Jennings	  






 iii 

















j!(%'-+/#%82-$!(.&!&-&%$9!'7+#%7&3!/%#8!(.&!+5-!(#!8#6&156&+!(.'(!1#-4&%(!(.&!+5-62$.(!2-(#!1.&821'6!&-&%$9!(.'(!2(!1'-!+(#%&!#%!5+&!(#!,%#351&!/##3!V,.#(#+9-(.&+2+^:!"#(!+5%,%2+2-$690!(.&+&!1.6!%!8#6&156&+!'%&!#/(&-!%&/&%%&3!(#!'+!'-(&--'&!1#8,6&D&+:!OF<! 5+&+! (.2+! +9+(&8! #/! 1.6#%#,.966+! (#! .'%4&+(! 2-123&-(! ,.#(#-++! '-3! (%'-+/&%!(.&2%! &-&%$9! (#! '! +,&12'6! ,'2%! #/! 1.6#%#,.966+! *-#)-! '+! O`[[:! W,#-! %&1&2,(! #/! (.&!2-123&-(!&-&%$9!V,.#(#-^!79!(.&!O`[[!%&'1(2#-!328&%0!%',23!1.'%$&!+&,'%'(2#-!#115%+!V)2(.2-!][@Y[!,+^0Y! %&6&'+2-$!'-!&6&1(%#-!3#)-!'-! 2-(%'@,%#(&2-!&-&%$9!1'+1'3&! (#!'-! 2%#-@+56/5%! 1#8,6&D! 1'66&3! UM:! ! <-! -'(5%&0! (.&! +#6576&0! 2%#-@1#-('2-2-$! ,%#(&2-!/&%%&3#D2-!+.5((6&+!(.&!&6&1(%#-+!')'9!/%#8!UM@!(#!'1.2&4&!'!-&'%69!,&%/&1(!S5'-(58!92&63:a! E.2+! %&8'%*'76&! ,.#(#1'('69(21! /5-1(2#-'62(90! OF<P+! -'-#8&(&%! +2R&0! '-3! 2(+!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
+!O.#(#-j!'!,'%(216&!%&,%&+&-(2-$!'!S5'-(58!#/!62$.(!#%!&6&1(%#8'$-&(21!%'32'(2#-:!
 2 
4'+(! '75-3'-1&! .'4&! &-1#5%'$&3! %&+&'%1.&%+! (#! 2-1#%,#%'(&! OF<! 2-(#! 72#.97%23!+(%51(5%&+0!)2(.!8'-9!+511&++&+!%&,#%(&3!#4&%!(.&!,'+(!3&1'3&:b0Z0`0!X!T,(282R'(2#-! #/! (.&+&! +9+(&8+! 1#-(2-5&+! (#! 7&! '! 1.'66&-$&:! E.&! 42+276&! 62$.(!&-&%$9! 1#-4&%+2#-! &//212&-19! 2+! a`k! Vl\Yk! /#%! (.&! +#6'%! +,&1(%58^:_! A&421&!&//212&-12&+!'+!32+15++&3!79!C2&+2&6+*2!&(!'6:X!%&6'(24&!(#!'!,.#(#&6&1(%#1.&821'6!m)&(P!1&660! %&8'2-! 6282(&3! 35&! (#! 8&32'(#%! 32//5+2#-! 1#-+(%'2-(+:! <-! #%3&%! (#! ',,%#'1.!S5'-(58! &//212&-12&+! #/! ][k! #%! 8#%&! 2(! 2+! -&1&++'%9! (#! #,(282R&! 8&32'(#%!V&6&1(%#69(&^!+#65(2#-+!2-!(.&+&! mlY[[[! Gd8@>! 2-! ,6'-&^]a! '-3! .2$.!
 3 




Figure 1. Pueraria lobata (kudzu) vines overtaking a streetlight in rural America, 
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Figure 3. Spectroscopic analysis of PSI-modified graphene electrodes. a) PM-IRRAS 
spectrum of a PSI film deposited onto a graphene/Au electrode. The absorbance values at 
1662 cm-1 and 1540 cm-1 correspond to the Amide I and II stretches respectively.3  b) UV-
vis absorbance spectrum of an unmodified graphene electrode (black) and PSI film 
deposited on graphene/glass electrode (red).  The absorbance of the glass was subtracted 
from the measurements, and the value for the absorbance at 750 nm was set to zero in 
order to easily observe the absorbance change between the unmodified and PSI-modified 
graphene. The two distinct peaks at ~680 nm and ~440 nm are consistent with the 
chlorophylls of PSI.4 
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Figure 4. Cyclic voltammograms of the SiO2 substrate (blue), unmodified graphene 
electrode (black), and PSI-modified graphene electrode (red), taken in the dark, using 
ruthenium hexamine trichloride (2 mM) in aqueous phosphate buffer (5 mM) solution 
with potassium chloride (0.1 M).  The potential of the working electrode was scanned 
from -0.35 to 0.05 V vs. Ag/AgCl at a rate of 0.1 V/sdK3.LA!21!(:(3=)-1!*/!(;3*=('!,)-.!=4(!$<66!=-!=4(!T]!/*=(!-,!$%&>!I4(!E)204(1(!(:(3=)-'(!')2C/!=4(!(:(3=)-1! ,)-.!=4(!T]7!/*=(!-,!$%&!21'!
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Figure 5. Photochronoamperometric analyses of PSI-modified graphene electrodes. All 
measurements were made using ruthenium hexamine (0.2 mM), potassium chloride (0.1 
M), and phosphate buffer (5 mM) as the mediator solution.  White-light at an intensity of 
82 mW/cm2 was irradiated onto the surfaces for 30 s. a) Comparison between an 
unmodified graphene electrode (black) and a PSI-modified graphene electrode (red). 
Both samples were measured while holding the working electrode at the open circuit 
potential.  The light was on from 30 s to 60 s.  b) Comparison of a PSI-modified graphene 
electrode held at 0 mV or open-circuit potential (black), a positive 100 mV overpotential 
(red), or a negative 100 mV overpotential (blue).  The light was on from 20 s to 50 s. 
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Figure 6.  a) Photochronoamperometric analysis of a PSI-modified graphene electrode on 
glass (red) as compared to an unmodified graphene electrode (black) irradiated through 
the electrode and compared to electrodes irradiated through the mediator (blue). All 
measurements were made using 20 mM MB aqueous mediator with 0.1 M KCl. 
Irradiance using a 633 nm filter resulting in 98 mW/cm2 intensity was supplied at 20 s 
and removed at 40 s for each measurement.  b) The effect of MB mediator concentration 
on the measured photocurrent density, measured 20 s after turning on the light. Error bars 
reflect standard deviation from 6 samples. If no error bar is present, the size of the 
symbol reflects the error. 
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Figure 7. UV-vis spectrum of the characteristic absorbance peaks for PSI extracted from 
kudzu, in 0.2 M phosphate buffer (pH 7.0) with 0.05% (wt/vol) TritonX-100. 
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Figure 8. Reflectance absorption infrared spectrum of the Amide I and II peaks at 1664 
and 1546 cm-1 respectively, for a 0.9 mm thick PSI film deposited on Au. /6%160-&",#."7#6-1#`a#<1"7&",*P#%1/$106&;134*#0'"2&%:&",#6-1#$%1/1"01#'2#6-1#$%'61&"#'"#6-1#/+%2.01B#8-'6'0-%'"'.:$1%':16%4#(./#$1%2'%:17#6'#:1./+%1#6-1#.<&3&64#'2#6-1#$%'61&"#6'#%1:.&"#$-'6'.06&;1# &"# 6-&/#0./6# 2&3:#'+6#'2# &6/#".6&;1#1";&%'":1"6B# #\-1"#89!# &/#&%%.7&.617*# 6-1# 0-3'%'$-433/# .</'%<# 6-1# &"0&71"6# $-'6'"/# ."7# 6%."/21%# 6-1:# 6'# 6-1#8FEE# 0-3'%'$-433# 7&:1%*# (-&0-# <10':1/# 150&617# ."7# ]+&0)34# %131./1/# ."# 13106%'"*#<10':&",# 8FEEbB# # =-1# 13106%'"# 6%.;13/# 7'("# 6-1# 13106%'"# 6%."/21%# 0-.&"# 6'# 6-1# Lc#X&%'"A/+32+%Z#/&61*#3'0.617#'"#6-1#/6%':.3#/&71#'2#6-1#0':$315*#%17+0&",#&6#6'#LcABY##!"#'+%# 71/&,"*# 6-1# /'3+<31#:17&.6'%*#:16-43# ;&'3',1"*# 6-1"# '5&7&T1/# LcA# ."7# 6%."/21%/#6-1#13106%'"#6'#6-1#$3.6&"+:#0'+"61%#13106%'71B##O1."(-&31*#6-1#;.31"01#<."7#'2#6-1#$A9&#%131./1/#."#13106%'"#6'#6-1#8FEEb#/&61*#."7#6-1#04031#%1$1.6/#./#3'",#./#/+22&0&1"6#&%%.7&.6&'"#."7#:17&.6'%#.%1#$%1/1"6B##=-1#:1./+%1:1"6/# '2# 0+%%1"6# .6# '$1"A0&%0+&6# $'61"6&.3# .%1# /-'("# &"# L&,+%1# YB#=-1/1# :1./+%1:1"6/# (1%1# 6.)1"# (&6-# 6-1# 0133# &/'3.617# &"# 6-1# 7.%)# 2'%# KE# /*#&%%.7&.617#KE#/*#."7#.,.&"#:1./+%17#&"#7.%)"1//#XKE/#6'#QE/#&%%.7&.6&'"ZB#=-1#<.%1#$A#
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Figure 9. Photochronoamperometric measurements of bare p-Si control and a PSI film 
deposited on p-Si in a ‘wet’ electrochemical cell with 20 mM methyl viologen trichloride 
hydrate and 0.1 M potassium chloride in aqueous solution.  9&# ('%)&",# 13106%'71# %1/$'"7/# 6'# &%%.7&.6&'"# (&6-# .# :1./+%17# 0+%%1"6# 71"/&64# '2#GDY#:IJ0:D*#(-&31#6-1#0+%%1"6#71"/&64#'2#89!#'"#$A9&#:1./+%1/#GQF#:IJ0:DB##=-&/#%1/$'"/1#0'"2&%:/#$-'6'0+%%1"6#1"-."01:1"6#2%':#6-1#89!A:'7&2&17#$A9&#13106%'71B#=-1# 1"-."01:1"6# '</1%;17# &"# 6-1# $%1/1"01# '2# 6-1# 89!# 2&3:# &/# 7+1# 6'# <."7# ,.$#.3&,":1"6# <16(11"# 6-1# $A9&# X;.31"01# <."7# 1"1%,4# d# EBM# V# ;/B# `aeZ# ."7# 6-1# 89!#%1.06&'"#01"61%*#8FEE#XEBHK#V#;/B#`aeZ*#."7#6-1#LcA#/&61#XAEBMPV#;/#`aeZ#."7#6-1#%17'5#:17&.6'%N/#2'%:.3#$'61"6&.3#XAEBHM#V#;/#`aeZQB##!"#6-&/#/4/61:*#6-1#13106%'"/#23'(#&"#'"1# 7&%106&'"*# 2%':# 6-1# /&3&0'"# 6'# 6-1# 8FEE# /&61*# (-1%1# 6-14# .%1# 150&617# ."7#6%."/21%%17# 6'# 6-1# Lc# /&61*# ."7# 6%."/$'%617# <4# 6-1# %17'5#:17&.6'%# 6'# 6-1# 0'+"61%#13106%'71B##U/&",#6-1#/.:1#0'"7&6&'"/*#6-1#)+7T+#89!#2&3:#71$'/&617#'"#I+#.0-&1;17#$-'6'0+%%1"6# '2# GY# :IJ0:D*# HAMA6&:1/# 3'(1%# 6-."# 6-.6# '2# 6-1# 89!# 2&3:# '"# $A9&B#>$$'/&61# 89!# '%&1"6.6&'"/# 6-.6# '00+%# 7+%&",# 71$'/&6&'"# 0."# %1/+36# &"# 0+%%1"6#0."0133.6&'"#'"#:16.3#13106%'71/*CE#(-1%1./#1"-."01:1"6#&"#$-'6'0+%%1"6#2'%#6-1#
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Figure 10. Effect of applied bias on the photocurrent measured for bare p-Si control 
(black) and a PSI film deposited on p-Si (blue). 0 mV refers to an open-circuit potential 
of -278 mV and -361 mV for the bare p- Si and PSI film, respectively, vs. Ag/AgCl 
reference electrode. Error bars represent standard deviation for 5 independently prepared 
samples per point
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